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AgeingAbstract The corrosion behaviour of Mg–6Al–1Zn + XCe (where X= 0.5, 1.0, 1.5 and 2.0 wt%
Ce) alloys, aged for 18 h at different temperatures of 180 C, 200 C, 220 C and 240 C, was stud-
ied in 3.5 wt% NaCl solution. The salt spray test was conducted in accordance with ASTM-B117
standard (fog test). The corrosion morphologies, corrosion rate and the composition of the corro-
sion products were investigated by X-ray Diffraction (XRD), Optical Microscopy (OM) and
Scanning Electron Microscopy (SEM) techniques. The results show the cerium addition and ageing
treatment has significantly influenced the corrosion morphologies and the corrosion rate. In AZ61
alloy, the intermetallic b (Mg17Al12) phase acts as a corrosion barrier and upon ageing the Al4Ce
phase precipitates along the a grain boundaries. The precipitation modifies the b phase to form
more continuous network which subsequently reduces the corrosion attack in the chlorine environ-
ment. Salt spray test result shows the AZ61 alloy with 1.5 wt% Ce aged at 220 C exhibits the better
corrosion resistance.
 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recent decades have witnessed an increasing global demand
for fast, light and efficient automobiles. This situation
augmented by the increasing environmental and legislativeinfluence, has further shifted the attention of automobile
industries toward the usage of magnesium in auto parts [1].
Owing to its light weight, high specific strength to weight ratio,
high damping capacity and recyclability, magnesium is more
appealing than its counterparts, aluminium and steel [2,3].
The replacement by magnesium parts in automotive applica-
tions not only just provides weight savings but in fact has
reduced vibration and overall noises on tuning. However,
due to its active position in both EMF and sea water environ-
ment galvanic series, magnesium is always considered among
the actively corroding metals. When pure magnesium is
exposed to open atmosphere, its surface forms an oxide layer
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hydroxide. This hydroxide layer is stable at all basic pH ranges
but unstable in acidic or neural range [4]. In basic pH ranges,
passivation occurs as a result of formation of Mg(OH)2.
However, since the Mg(OH)2 layer is water soluble, it does
not provide a long term protection even in basic pH range
[5]. In chloride, bromide, chlorate, sulfate and CO2 acidified
water environments the protective film breaks eventually
rendering the metal surface active. Recent investigations on
alloying AZ magnesium alloys with rare elements such as
Ce, Y, Nd and Sr have witnessed an increase in creep and cor-
rosion resistance. The addition of rare earth elements to these
alloys suppresses the precipitation of deleterious b phase and
instead, precipitates thermally stable phases such as Al4RE
and Al2RE on the grain boundaries. Also, since the aluminum
requirement for the formation of these stable phases is less, a
grains are not left devoid of Al content. This eventually
increases the corrosion resistance of the material [6–13]. Fur-
thermore, magnesium is prone to scavenger effect i.e. presence
of small impurities such as Fe, Ni, Cu and drastically reduces
the corrosion resistance of the alloy, and the addition of rare
earth elements in the magnesium alloy precludes the deleteri-
ous effect of those impurities by forming intermetallic
compounds with them. They trap the impurities and decrease
the activity of the cathode. Also, it is found that the surface
oxide stability of the alloy is increased by the addition of rare
earth elements [14]. The effect of cerium addition has been
studied in detail by many researchers but the combined action
of cerium addition followed by different ageing temperatures is
still unexplored fully. In the present study, the effect of
addition of cerium to AZ61 alloy and the effect of ageing
temperature on the corrosion rate of the alloy subjected to
NaCl environment have been extensively studied.
2. Experimental methods
Commercially pure Mg ingot (99.97 wt%), Al ingot (99.95 wt
%), and Zn ingot (99.95 wt%) were melted in an electric resis-
tance furnace with RJ2 protective flux to prepare AZ61 (Mg–
6Al–1Zn, wt%) magnesium alloy. Mg–10 wt% Ce master alloy
was added when the melt reached 720 C and a 30 min reaction
time was set for complete dissolution while stirring was done to
attained homogeneity. The melt was poured into a mild steel
cylindrical mould of dimensions 30 mm  60 mm. For further
analysis, samples were cut perpendicular to the axis of the pre-
pared cast. The composition of the samples was determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) method and it is presented in Table 1. The as-
cast samples were solution treated at a temperature of
450 C for 16 h and then aged at different temperatures of
180 C, 200 C, 220 C and 240 C for 18 h. The salt spray
experiment was carried out in ASCOTT S450IS salt sprayTable 1 Chemical composition of the experimental alloys (in wt%
Alloy Al Zn Ce
AZ61 + 0.5Ce 5.546 1.008 0.5
AZ61 + 1.0Ce 5.504 1.009 1.0
AZ61 + 1.5Ce 5.582 0.9163 1.5
AZ61 + 2.0Ce 5.415 0.9604 2.0chamber in accordance with ASTM B-117 standard. The test
coupons were exposed in 3.5 wt% NaCl solutions up to 72 h
and these coupons were intermittently evaluated at 24 h inter-
val. After the test, the corrosion products were completely
removed using chromate acid (180 g/l CrO3 + 10 g/l AgNO3)
according to ASTM G1-03 standard practice for cleaning.
The samples were then rinsed with acetone and dried in com-
pressed air. The weight loss due to corrosion is determined and
accordingly the corrosion rates were calculated. The
microstructural observations of the samples were studied by
using DIC Leica optical microscope. The X-ray Diffraction
(XRD) technique confirmed the phases present in
AZ61 + XCe magnesium alloys. The presence of precipitates
and corrosion morphologies were characterized using Hitachi
Scanning Electron Microscope (SEM) and the elemental
compositions in different phases were confirmed using Energy
Dispersive Spectrometer (EDS).
3. Results and discussion
3.1. Microstructural observations
Fig. 1(a) shows the microstructure of as-cast AZ61 alloy. It
consists of primary a grain with large b phase precipitated
along the grain boundaries and some b phase precipitated
within the a grains exhibiting a lamellar structure [15,16].
Fig. 1(b) shows the microstructure of solutionized AZ61 alloy
which manifests the residuals of b phase, which are not com-
pletely dissolved into the matrix. Fig. 1(c) shows the
microstructure of AZ61 alloy aged at 220 C for 18 h. The
microstructure comprises of a phase, b phase and b precipi-
tates (fine dark particle) along the grain boundaries.
Fig. 2 shows the microstructures of the as-cast, solutionized
(at 450 C) and aged (at 220 C) AZ61 + XCe alloy (where
x= 0.5, 1.0, 1.5 & 2.0 wt% of Ce). The addition of cerium
to AZ61 alloy introduces a new Al–Ce phase, which refines
the grain and retards the progression of b phase. The addition
of cerium helps in increasing the corrosion resistance of the
alloy in three ways: (i) by formation of rod like Al–Ce phases.
This Al-rich Al–Ce phase forms even before the solidification
of either of b and a phase, therefore reducing the amount of
Al available for b formation and it acts as a nucleating agent
for a-Mg, which leads to grain refinement [17]; (ii) by retarding
the growth of those b phase, which causes galvanic corrosion
by growing inside the grains; and (iii) by Song et al.’s dual role
mechanism [18,19], i.e. causing fine distribution of remaining b
phases along the grain boundaries, which helps in increasing
the corrosion resistance by barrier effect. The b phases
along the grain boundaries act as a corrosion barrier and
increase the corrosion resistance of the AZ61 alloy. The effect
of ageing treatment increases the amount of b phase. The
b phase was formed in two different morphologies: (1) a large).
Mn Fe Cu Ni Mg
0.33 0.012 0.004 0.0015 Bal.
0.33 0.012 0.004 0.0015 Bal.
0.31 0.012 0.004 0.0015 Bal.
0.32 0.012 0.004 0.0015 Bal.
Figure 1 Microstructure of the as-cast AZ61 alloy. (a) As-cast, (b) solutionized at 450 C and (c) aged at 220 C.
Figure 2 Microstructure of the as-cast AZ61 + XCe alloy. X= (a) 0.5, (b) 1.0, (c) 1.5 and (d) 2.0; solutionized at 450 C for 16 h (e) 0.5,
(f) 1.0, (g) 1.5 and (h) 2.0; aged at 220 C for 18 h (i) 0.5, (j) 1.0, (k) 1.5 and (l) 2.0.
Effect of cerium addition on corrosion behavior 665rod like continuous structure and (2) a discontinuous lamellar
structure. Cerium addition has a little effect on the microstruc-
ture evolution of AZ61 on ageing. However, it retards the pre-
cipitation and growth of b phase. At lower ageingtemperatures, the precipitation of b occurs rapidly in a contin-
uous network along the grain boundaries. But on increasing
the ageing temperature, the precipitation along the grain
boundaries slows down and the b phase starts growing toward
666 S. Manivannan et al.the interior of the grain acquiring a lamellar structure. At ini-
tial temperatures of ageing, a continuous network of b acts as
corrosion barrier and increases the corrosion resistance of the
alloy. However on subsequent increase in ageing temperatures,
the corrosion resistance begins to cease due to the decrease in
the Al content in the interior of the grain due to the formation
of b precipitates (Fig. 3).
3.2. Salt spray test
Fig. 4 illustrates the corroded surface morphology after salt
spray test in 3.5 wt% NaCl solution. The macrostructures were
observed after complete removal of corrosion products in
AZ61 + XCe alloys which were cleaned according to ASTM
G1-03. In as-cast AZ61 alloy without Ce addition, the b phase
forms micro-galvanic coupling and it accelerated the corrosion
at a Mg matrix as shown in Fig. 4(a–d). It is evident that the
extent and the depth of localized pitting attack are more in the
base alloy and it is decreased subsequently with cerium addi-
tions. The corrosion process occurred in three stages: first
being, initiation of small pits, followed by growth and spread-
ing of deeper pits with an active front and finally the whole
surface is more or less corroded with very large localized holes
(diameter is up to mm) on the surface [17]. The base alloy has
more or less attained the final stage after 72 h of exposure to
3.5 wt% NaCl solutions. However, in 0.5 and 1.0 wt% of Ce
addition the corrosion is spread across the surface and attained
second stage, whereas 1.5 and 2.0 wt% Ce addition exhibits
only the first stage of pit growth. Fig. 5(a) and (b) illustrates
overall corrosion rates varying with ageing temperature and
cerium addition. It is concluded that the alloy with 1.5 and
2.0 wt% of cerium additions exhibits the good corrosion resis-
tance at 220 C ageing temperature. Fig. 6(a) illustrates theFigure 3 Microstructure of AZ61 + 1.5 wt% Ce agedvariation of corrosion rates with cerium addition at 240 C
and Fig. 6(b) shows the variation of corrosion rates with age-
ing temperature for 1.5 wt% Ce addition. It is found that the
corrosion rate decreases with increasing cerium addition. This
is due to the formation of Al–Ce phase along the a grain
boundaries and retardation of growth of lamellar b phase
inside the grain. With increase in ageing temperature, the cor-
rosion rate first decreases, as the b phase acts as a corrosion
barrier. However, after certain ageing temperature limit the
corrosion rate increases due to the growth of lamellar b phase
into the grains which decreases the aluminium content and
causes galvanic corrosion.
3.3. X-ray diffraction
Fig. 7 shows X-ray diffraction patterns of (a) AZ61 aged at
220 C, (b) AZ61 + 1.5 wt% Ce aged at 220 C, (c) AZ61
+ 2.0 wt% Ce aged at 220 C and (d) AZ61 + 2.0 wt% Ce
aged at 240 C. The XRD pattern confirmed the presence of
primary a, intermetallic b (Mg17Al12) phase and Al–Ce
phase. The Al–Ce (Al4Ce) phase identified and they are
precipitated along the a grain boundaries. The intensity of
Al–Ce peak increases with increasing cerium addition to the
alloy.3.4. SEM and EDS analysis
Fig. 8 shows the SEM image of AZ61 + 1.5 wt% Ce alloy
aged at 220 C. The SEM image indicates the different mor-
phologies of b phase i.e. rod like b, round and lamellar b.
The presence of intermetallic phases has been identified using
EDS analysis which is further augmented by elementalat (a) 180 C, (b) 200 C, (c) 220 C and (d) 240 C.
Figure 4 The surface morphology of AZ61 + XCe alloy after 72 h of exposure in 3.5 wt% NaCl solution under salt spray test.
Effect of cerium addition on corrosion behavior 667mapping. The presence of b and Al4Ce phase marks a devoid
of Mg content and clustering of Al content near the intermetal-
lic phases in the elemental mapping. The eutectic magnesium
near the intermetallic phase is rich in Al content than primary
a phase. A galvanic cell is created due to the difference in
solute concentration, with b acting as a cathode and thereby
increasing the corrosion rate. But indeed an alloy with contin-
uous and higher volume fraction of b phase inhibits corrosion
by forming a stable passive film by barrier effect [20,21]. The
elemental compositions of each phase are given in the EDSpattern. Fig. 9(a) and (b) shows the surface appearance of
AZ61 + 1.5 wt% Ce aged at 200 C and 220 C respectively,
exposed in 3.5 wt% NaCl salt spraying test for 72 h. The image
has been captured after removal of corrosion products on the
surface of the specimen. The sample surface was characterized
by SEM and it confirms the presence of corrosion pits. The
corrosion is affiliated with intermetallic phase, and the damage
seen in Fig. 9 shows low corrosion attack in both ageing tem-
peratures. The cracks were always initiated from any of these
pits. Pitting corrosion is a localized type of corrosion which
Figure 5 (a) Variation of corrosion rate in aged AZ61 + XCe alloy and (b) corrosion rate vs. ageing temperature for 1.5 and 2.0 wt%
Ce.
Figure 6 (a) Variation of corrosion rate with cerium addition at 240 C ageing temperature and (b) variation of corrosion rate with
ageing temperature at 1.5 wt% Ce addition.
Figure 7 X-ray diffraction patterns of (a) AZ61 aged at 220 C
alloys, (b) AZ61 + 1.5 wt% Ce aged at 220 C, (c) AZ61 + 2.0 wt
% Ce aged at 220 C, and (d) AZ61 + 2.0 wt% Ce aged at 240 C.
668 S. Manivannan et al.occurs in the presence of aggressive chloride environment. The
corrosion pit is easier to appear in a phase than in b phase. The
a region surrounding the intermetallic b phase contains lesser
Al than that of b due to solute depletion. Hence the a phase
is easily corroded and the b phase flakes away because of the
different corrosion potentials.Fig. 10 is an example of the low corrosion attack in 3.5 wt
% NaCl salt spray test. After exposed to 72 h of salt spraying,
the alloy with 1.0 wt% Ce aged at 220 C exhibits an oxide film
on the surface that temporarily resists the local corrosion
attack [5]. The SEM/EDS with elemental mapping techniques
confirms the presence of intermetallic b (Mg17Al12) phase and
Al4Ce precipitates in the corroded surface. The presence of Al
in the oxide layer that coats the AZ61 alloy in chlorine envi-
ronment influences the surface activity. An improvement of
corrosion resistance is attributed to segregation of Al on the
surface.
4. Conclusion
1. On the addition of cerium to AZ61 alloy a new Al–Ce
phase was formed. This new phase refines the a grain size
and retards the growth of b phase. High degree of grain
refinement is achieved at 1.5 wt% Ce addition.
2. With ageing temperatures, b phase grows rapidly in a con-
tinuous network. Hence, the corrosion resistance of the
alloy is increased by barrier effect. However, above a cer-
tain limit, the continuous network growth along the grain
boundaries ceases and the growth of b phase toward the
interior of the grain accelerates. In 1.5 wt% Ce addition,
the b grows in a continuous network up to 220 C but
above that temperature it starts growing toward the interior
Figure 8 The SEM with EDS and elemental mapping of AZ61 + 1.5 wt% Ce aged at 220 C after exposed in 3.5 wt% NaCl solution for
72 h.
Effect of cerium addition on corrosion behavior 669of the grains. Since the galvanic corrosion is more pro-
nounced than barrier effect when the continuous network
of b phase is disintegrated, the corrosion resistance of the
alloy begins to decrease.3. In the salt spray experiment, alloys aged at 220 C showed
better corrosion resistance than other combinations. It
showed only initial stages of pit growth after being exposed
in 3.5 wt% NaCl salt spraying for 72 h.
Figure 9 SEM morphologies after removing corrosion products on specimen surfaces of AZ61 + 1.5 wt% Ce alloy exposed in 3.5 wt%
NaCl salt spraying test for 72 h (a) aged at 200 C for 18 h and (b) aged at 220 C for hours.
Figure 10 SEM/EDS and X-ray mapping of AZ61 + 1.5 wt% Ce aged at 220 C after 72 h of exposure in 3.5 wt% NaCl solution.
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